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EndodermGATA family transcription factors are core components of the vertebrate heart gene network. GATA factors
also contribute to heart formation indirectly through regulation of endoderm morphogenesis. However, the
precise impact of GATA factors on vertebrate cardiogenesis is masked by functional redundancy within
multiple lineages. Early heart speciﬁcation in the invertebrate chordate Ciona intestinalis is similar to that of
vertebrates but only one GATA factor, Ci-GATAa, is expressed in the heart progenitor cells and adjacent
endoderm. Here we delineate precise, tissue speciﬁc contributions of GATAa to heart formation. Targeted
repression of GATAa activity in the heart progenitors perturbs their transcriptional identity. Targeted
repression of endodermal GATAa function disrupts endoderm morphogenesis. Subsequently, the bilateral
heart progenitors fail to fuse at the ventral midline. The resulting phenotype is strikingly similar to cardia
biﬁda, as observed in vertebrate embryos when endoderm morphogenesis is disturbed. These ﬁndings
indicate that GATAa recapitulates cell-autonomous and non-cell-autonomous roles performed by multiple,
redundant GATA factors in vertebrate cardiogenesis.on).
, USA.
Pasadena, CA 91125, USA.
Inc.Published by Elsevier Inc.Introduction
The GATA family of zinc ﬁnger transcription factors plays a central
role in vertebrate heart formation (Peterkin et al., 2005; Srivastava,
2006). Members of the GATA, Nkx2.5, Tbx and Hand gene families are
integrated by highly conserved, reciprocal interactions to form a
cardiac regulatory “kernel” (Davidson and Erwin, 2006; Olson, 2006;
Peterkin et al., 2005). Of the six vertebrate GATA paralogues, three
(GATA4, 5 and 6) are expressed in developing cardiomyocytes
(Molkentin, 2000; Patient and McGhee, 2002; Peterkin et al., 2005).
Congenital mutations in GATA4 are linked to human heart defects
(Garg et al., 2003; McFadden and Olson, 2002; Posch et al., 2008;
Rajagopal et al., 2007; Wolf and Basson, 2010). Additionally,
experimental studies demonstrate that GATA factors help establish
the myocardiocyte lineage in developing embryos (Kikuchi et al.,
2010; Olson and Schneider, 2003; Singh et al., 2010; Takeuchi and
Bruneau, 2009).
GATA4, 5 and 6 function cell-autonomously to direct myocardio-
blast speciﬁcation and differentiation. GATA factors bind upstream of
heart gene promoters to directly regulate their expression (Dodou et
al., 2004). Simultaneous knockdown of GATA4, 5 and 6 prevents
expression of myocardial marker genes (Peterkin et al., 2007; Zhao etal., 2008). In contrast, disruption of GATA function outside of the
cardiac mesoderm does not affect myocardial gene expression
(Gannon and Bader, 1995; Peterkin et al., 2009; Reecy et al., 1999).
Intriguingly, a recent study has shown that GATA factors also re-
establish the cardiomyocyte lineage during regeneration (Kikuchi et
al., 2010).
GATA factors expressed in the endoderm and other non-cardiac
lineages instruct vertebrate myocardioblast position. In wild type
embryos, bilateral ﬁelds of myocardial precursors converge at the
ventral midline, fusing to form a single progenitor ﬁeld. Disruption of
endoderm speciﬁcation or morphogenesis blocks myocardioblast
convergence (Alexander et al., 1999; Kikuchi et al., 2000; Schier et
al., 1997). The resulting bilateral heart ﬁelds continue to differentiate
into distinct beating clusters of heart tissue, a phenotype known as
cardia biﬁda. Similarly, embryos with disrupted GATA function have
deformed endoderm and develop cardia biﬁda (Haworth et al., 2008;
Kuo et al., 1997; Molkentin et al., 1997; Peterkin et al., 2009; Reiter et
al., 1999).
Functional overlap between GATA4, 5 and 6 in both the pre-cardiac
and adjacent lineages has made it difﬁcult to dissect their precise,
tissue speciﬁc roles. Recent studies have conﬁrmed a high degree of
functional overlap between GATA4, 5 and 6 (Holtzinger and Evans,
2007; Peterkin et al., 2007; Singh et al., 2010; Zhao et al., 2008).
Additionally, each GATA factor has a unique, dynamic expression
domain encompassing the pre-cardiac mesoderm, endoderm, and
additional adjacent lineages such as the zebraﬁsh yolk syncytial layer.
Examination of non-cell autonomous contributions by GATA factors in
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difﬁcult due to the cellular complexity of vertebrate embryos.
Therefore, we have initiated a functional study of GATA in the simple
chordate Ciona intestinalis.
Ciona has proven to be an excellent model for dissecting conserved
aspects of chordate heart development (Davidson, 2006). Ciona is a
member of the tunicates, a group of organisms that diverged just prior
to two rounds of genome duplication within their sister clade, the
vertebrate chordates. Thus Ciona has a single copy of many essential
heart genes, including single orthologues to the vertebrate GATA4,5,6,
Nkx2.5 and Hand gene families (GATAa, Nkx and Hand respectively).
Additionally, low embryonic cell numbers has facilitated comprehen-
sive mapping of the Ciona heart lineage (Davidson and Levine, 2003;
Satou et al., 2004). Ciona heart tissue is derived from four B7.5 lineage
blastomeres in the gastrulating embryo. These cells are demarcated by
expression of the conserved pre-cardiac speciﬁcation factor, Mesp
(Davidson et al., 2005; Saga et al., 1999; Satou et al., 2004). By the end
of neurulation, the B7.5 blastomeres divide to generate two distinct
daughter cell lineages, the trunk ventral cells (TVCs) and the anterior
tail muscle precursors (ATMs). All Ciona heart cells are derived from
the TVCs (Satou et al., 2004). The initial establishment of TVC identity
is driven by FGF mediated activation of the Ets1/2 transcription factor
(Davidson et al., 2006). Activated Ets1/2 promotes the expression of
two primary TVC transcription factors, Hand-like (also referred to as
Notrlc, (Satou et al., 2004)) and FoxF (Beh et al., 2007; Davidson et al.,
2006). Bilateral pairs of TVCs migrate along the endoderm towards
the ventral midline where they meet to form a single cardiac
progenitor pool (Christiaen et al., 2008; Davidson, 2006; Stolﬁ et al.,
2010). The bilateral fusion of Ciona TVCs resembles the midline
convergence of vertebrate myocardial precursors (Olson and Schnei-
der, 2003). Subsequently, a subset of TVCsmigrate to form pharyngeal
mesoderm, expressing islet and other orthologues to vertebrate
secondary heart ﬁeld markers (Stolﬁ et al., 2010). Thus, Ciona
cardiogenesis represents a conserved blueprint for deciphering
related but more complex processes underlying vertebrate heart
development.
In this study, we have exploited the genomic and cellular
simplicity of Ciona embryos to delineate distinct roles for GATAa in
the endoderm and cardiac mesoderm.
Materials and methods
Embryo isolation and manipulation
Ciona intestinalis adults were purchased from M-REP (San Marcos,
CA). Protocols for fertilization, electroporation and culturing (in
artiﬁcial sea water, Crystal Sea Marine Mix) are as described
previously (Corbo et al., 1997). Embryos were staged according to
an established developmental timeline (Hotta et al., 2007).
Molecular cloning
The Ttf-1 enhancer, also known as Titf-1 (Ristoratore et al., 1999;
Shi and Levine, 2008) was ampliﬁed from genomic DNA with the
primers: Ttf-enh-NcoI-5′ and Ttf-enh-NotI-3′ (all primer sequences in
Supplemental Table 1) and cloned upstream of lacZ in the pCES vector
(Harafuji et al., 2002) to make the Ttf-lacZ construct. To create the Ttf-
GFP-strabismus construct, the strabismus coding region was ampliﬁed
from the Ciona Gene Collection 1 library clone GC01o06 (Satou et al.,
2002) with the primers StrabGFP-NheI-5′ and StrabGFP-EcoRI-3′ and
then cloned into a modiﬁed form of the Mesp-EtsVp16 construct
(Davidson et al., 2006) in which gfp replaced the nuclear localization
sequence upstream of the EtsVp16 domain using a NotI/NheI
restriction digest. The full length strabismus coding region was then
swapped for the EtsVp16 domain by a NheI/EcoRI restriction digest to
create the gfp-strabismus fusion gene and then cloned into the Ttf-lacZvector by a NotI/BlpI restriction digest, replacing the lacZ gene. The
coding sequence for the GATAa DNA binding domain (GATAa-DBD)
was ampliﬁed from the CionaGene Collection 1 library clone GC02d03
(Satou et al., 2002) using the primers GATAa-NheI-5′ and GATAa-
SpeI-3′ and cloned downstream of the Mesp enhancer and nuclear
localization signal and upstream of the WRPW sequence using NheI
and SpeI sites in theMesp-EtsWRPW construct (Davidson et al., 2006).
Both the GATAa-DBD and the GATAa-WRPW domains were then
cloned downstream of the Hand-like (Davidson and Levine, 2003) and
Ttf enhancers using NotI/BlpI restriction digests. The Mesp-lacZ and
Mesp-GFP constructs were described elsewhere (Davidson et al.,
2005). The ensconsin-3xgfp coding region was a gift from François
Robin (Roure et al., 2007) and was ampliﬁed using the primers
Ensconsin-NotI-5′ and Ensconsin-EcoRI-3′ and reampliﬁed using
nested PCR, then swapped for lacZ in the Mesp-lacZ construct using
a NotI/EcoRI digest, to create the Mesp-esc-3xGFP construct (referred
to as Mesp-esc-GFP in the paper).
Histochemistry and imaging
X-gal staining and ﬂuorescent in situ hybridizations were
performed as described previously (Beh et al., 2007) with the
following exceptions for the in situ protocol. Following hybridization,
embryos were washed with TNT (0.1 M Tris–HCl pH 7.4, 0.15 M NaCl,
0.1% Tween-20), blocked for 1 h in TNB (0.1 M Tris–HCl pH 7.4, 0.15 M
NaCl, 1% BSA) and then incubated overnight at 4 °C in primary
antibodies: 1:1000 POD anti-DIG (Roche) and 1:1000 mouse anti-β-
galactosidase or 1:1000 rabbit anti-GFP. The embryos were washed
with TNT and then incubated for 5 min in FITC-tyramide working
solution (Perkin Elmer) in order to visualize antisense RNA probes for
Hand-like, FoxF, GATAa, BMP2/4 and Nkx. Embryos were washed with
TNT, blocked for 1 h in TND (0.1 M Tris–HCl pH 7.4, 0.15 M NaCl, 2%
Natural Donkey Serum), and incubated overnight at 4 °C in secondary
antibodies (1:1000 Donkey anti-mouse Alexa Fluor 647, 1:1000
Donkey anti-rabbit Alexa Fluor 555). Embryos were washed in TNT
andmountedwith 100% glycerol. The antisense RNA probes for GATAa
and BMP2/4 were created from Gene Collection 1 library clones,
GC02d03 and GC15c08 respectively (Satou et al., 2002) using T7, T3
and GATAa-probe-5′ (sequence in Supplemental Table 1) primers.
Antisense RNA probes for Hand-like, FoxF and Nkx were previously
described (Beh et al., 2007; Davidson and Levine, 2003).
Immuno-staining was conducted in accordance with the protocols
detailed in (Veeman et al., 2008) or (Dong et al., 2009). All antibodies
were purchased from Invitrogen apart from the mouse anti-β-
galactosidase (Promega, Z378A) and were used in 1:1000 dilution.
Embryos weremounted in 100% glycerol and imaged with a Zeiss LSM
510 META NLO laser scanning confocal microscope equipped with
40× oil immersion objective (numerical aperture 1.3). Z-stacks were
taken at intervals of 2 μm and reconstructed using the Zeiss LSM
image software and Imaris Bitplane 7.0. Further image processing was
performed with Adobe PhotoShop. Images of immuno-stained
embryos are representative of highly consistent phenotypes seen in
at least 10 individuals for each condition including at least two
independent trials.
Results
Comparative analysis of GATAa expression
To compare the expression patterns of GATAa and other early heart
progenitor (TVC) genes (FoxF, Nkx and BMP2/4) (Beh et al., 2007;
Davidson, 2006), we marked the B7.5 lineage using Mesp-lacZ and
performed ﬂuorescent in situ hybridizations (Beh et al., 2007). We
collected embryos at 60-minute intervals encompassing initial TVC
speciﬁcation, stage 16, through completion of TVC midline fusion,
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parallel, using a single staged sample for each trial.
At stage 16, 8 h post fertilization (hpf), FoxF was robustly
expressed in newly emerged TVCs (arrowheads, Fig. 1A) and trunk
ectoderm. In contrast, GATAa, Nkx and Bmp2/4 did not appear to be
expressed in the TVCs although they were expressed in neighboring
lineages (Figs. 1B–D). In particular, GATAa was strongly expressed in
the posterior endoderm while Nkx and BMP2/4 were expressed in an
overlapping region of the anterior/ventral epidermis and Nkx was
expressed in portions of the ventral endoderm. Between stages 18 and
19 (9 hpf), we began to detect robust expression of GATAa in the TVCs
along with continued expression in the posterior endoderm and
variable, weak expression in the anterior endoderm (Fig. 1F). In
contrast, the expression patterns of FoxF, Nkx and BMP2/4 remained
unaltered (Figs. 1E, G, H). Most critically, the TVCs did not appear to
express either Nkx or BMP2/4 during these stages (Figs. 1G and H). By
stage 21 (10 hpf), TVCs initiated migration into the trunk region
(Figs. 1I–L). Nkx and BMP2/4 expression in the TVCs rose to detectable
levels (Figs. 1K and L) while FoxF and GATAa expression domains were
unchanged (Figs. 1I and J). As the TVCs completed midline
convergence (stage 23, 12 hpf, Figs. 1M–P), GATAa expression
persisted in the TVCs (Fig. 1N). Endodermal GATAa displayed a
sharpened boundary, as expression in the anterior domain diminished
(Fig. 1N). The BMP2/4 expression domain appeared unchanged
(Fig. 1P), while Nkx expression in the TVCs appeared to be greatly
reduced (Fig. 1O). Interestingly, FoxF was no longer detected in the
TVC lineage (Fig. 1M).
In summary, our in situ expression studies demonstrate that
GATAa is expressed in the TVCs after initial heart progenitor markers
(such as FoxF) and before Nkx and BMP2/4. The apparent centrality of
GATAa expression in the temporal framework of heart geneFig. 1. Temporal analysis of GATAa expression relative to other heart progenitor genes. R
transcripts denoted above each column in green, stages to the left, n=20–30 embryos for
ﬁgures. Embryos in (A–D) were imaged from the ventral side while embryos in (E–P) were
staining (red). Inset panels display magniﬁed views of the B7.5 lineage. Note that the TVCs a
gal staining on one side of the embryos in (C, D) represents mosaic incorporation of transgexpressionmay reﬂect a central functional role in the heart regulatory
network. To explore this possibility, we began a series of studies
focused on disrupting GATAa function.
Cell-autonomous GATAa activity is required for heart progenitor
migration and proliferation
We ﬁrst examined the cell-autonomous function of GATAa by
disrupting its activity in the TVC lineage. For this purposewe fused the
GATAa DNA binding domain to the Drosophila hairy WRPW repressor
motif (Barolo and Levine, 1997; Fisher et al., 1996). A similar strategy
has been successfully employed to disrupt FoxF and Ets1/2 activity in
the B7.5 lineage (Beh et al., 2007; Christiaen et al., 2008; Davidson et
al., 2006). Initially, we used the Mesp enhancer to express this
dominant repressor fusion protein in the B7.5 lineage (Mesp-GATAa-
WRPW). In stage 24 control embryos, labeled TVCs consistently
migrated into the trunk, fused at the midline and underwent a single
round of division (Fig. 2A). In Mesp-GATAa-WRPW transgenic
embryos, the TVCs failed to detach, migrate or proliferate (Fig. 2B).
These results suggest that GATAa activity plays a critical role in
modulating trunk ventral cell behavior.
We were concerned, however, that early expression of GATAa-
WPRW under the Mesp driver might enhance potential off-target
effects. The Mesp enhancer is predicted to drive expression of GATAa-
WRPWduring early gastrula stages, approximately four hours prior to
endogenous GATAa expression in the TVC lineage (Fig. 1F, (Davidson
et al., 2005)). Moreover, the Mesp enhancer drives GATAa-WRPW
expression in the entire B7.5 lineage (both TVCs and ATMs) while
endogenous GATAa expression is restricted to the TVCs. To address
these concerns, we conducted additional studies using an enhancer
element located upstream of Hand-like to regulate expression ofepresentative expression patterns from stage 16 to stage 23 as indicated (visualized
each condition). All embryos are shown anterior to the left in this and all subsequent
imaged laterally, dorsal side up. Nuclei of TVCs and ATMs are marked by β-gal antibody
re the more anterior lineage, as marked by arrowheads in the ﬁrst column. The weak β-
enic markers. Scale bar: 50 μm.
Fig. 2. Disruption of GATAa activity in the TVCs affects their migration and proliferation. (A–D) Representative ventral views of stage 24 embryos (13.5 hpf) expressing Mesp-lacZ
alone (A, C) or co-electroporated with Mesp-GATAa-WRWP (B) or Hl-GATAa-WRPW (D). Occurrence of highly consistent phenotypes are included numerically in panels (A,B) while
more variable phenotypes observed in (C,D) are represented graphically in the following panels. (E, F) Plots showing percentage of stage 24 embryos with normal TVC migration (E)
and proliferation (F). In both graphs, LacZ=Hl-lacZ/Mesp-lacZ embryos, DBD=Hl-GATAa-DBD/Mesp-lacZ embryos, WRPW=Hl-GATAa-WRPW/Mesp-lacZ embryos. (E) LacZ
(n=813), DBD (n=478), WRPW (n=804). (F) LacZ (n=314), DBD (n=361), WRPW (n=543). In this and subsequent graphs each sample includes at least two independent
trials, p values were calculated with a two sample t-test assuming unequal variances and error bars correspond to Standard Error of the Mean (SEM).
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enhancer (Hl) activates expression in the trunk ventral cells
immediately following FGF mediated speciﬁcation, as seen for the
endogenous Hand-like transcript (Stacie Ilchena, in preparation). ThusFig. 3. Disruption of GATAa activity in the TVCs disrupts cardiac gene expression. (A–D) Repre
(red) and either Hl-GATAa-DBD (A–D) or Hl-GATAa-WRPW (A′–D′) and examined for ex
expression proﬁle vs. total number examined is shown on the upper right. (A′–D′) Embry
additional embryos showed reduced expression (staining in one ‘leader’ TVC) for each of the
TVCs (23/29 reduced or eliminated); (B′) Another 5/18 embryos showed reduced Nkx expr
reduced BMP2/4 expression in the TVCs (20/22 reduced or eliminated). The insets show magHl-GATAa-WRPW is predicted to perturb GATAa activity in a spatio-
temporal pattern that closely parallels endogenous GATAa expression.
We examined the impact of Hl-GATAa-WRPW on both TVC
migration and proliferation (Figs. 2C–F). For a more rigorous control,sentative images of stages 22 (11–11.5 hpf) embryos co-electroporated with Mesp-lacZ
pression of FoxF, Nkx, BMP2/4 and GATAa. Number of embryos showing the displayed
os represent the predominant staining pattern, no expression in the TVCs. However,
se probes as follows; (A′) Another 4/29 embryos showed reduced FoxF expression in the
ession in the TVCs (14/18 reduced or eliminated); (C′) Another 4/22 embryos showed
niﬁed views of the TVCs and include individual and merged channels. Scale bar: 50 μm.
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was expressed in the TVCs (Hl-GATAa-DBD). In stage 24 controls,
there was no signiﬁcant variation in either TVC migration or
proliferation (Figs. 2C, E, F). In Hl-GATAa-WRPW transgenic embryos,
there was a clear, signiﬁcant disruption of TVC migration and
proliferation (Figs. 2D–F).
In summary, targeted disruption of GATAa activity perturbs TVC
migration and proliferation. These results suggest that GATAa plays a
conserved, central role in the Ciona heart gene network, regulating
target genes involved in TVC behavior.
Targeted repression of GATAa activity in the TVCs disrupts heart
progenitor gene expression
We next examined the impact of Hl-GATAa-WRPW on TVC gene
expression (Fig. 3). In both Hl-lacZ (data not shown) and Hl-GATAa-
DBD control embryos, Hand-like, FoxF, Nkx, BMP2/4 and GATAa were
consistently expressed in the trunk ventral cells (Figs. 3A–D and data
not shown). In Hl-GATAa-WRPW embryos (Figs. 3A′–D′) TVC
expression of FoxF, Nkx BMP2/4 and GATAa itself was either eliminated
or signiﬁcantly reduced while expression in adjacent lineages was not
affected. Among the embryos showing reduced expression, marker
gene transcript was often present in the more anterior “leader” cell
within bilateral TVC pairs (data not shown). In contrast, Hl-GATAa-
WRPW did not substantially down-regulate Hand-like expression
(Stacie Ilchena, in preparation). Thus, the Hl-GATAa-WRPW construct
does not indiscriminately down-regulate all TVC genes. Moreover,
expression of the Hl-GATAa-WRPW construct is not subject to auto-
repression. Furthermore, due to the impact of Hl-GATAa-WRPW on
GATAa expression, the observed perturbations of TVC behavior and
gene expression in these transgenic embryos are likely to reﬂect a
robust down-regulation of GATAa targets, without competition from
endogenous GATAa.
In summary, in situ expression assays indicate that GATAa plays a
central role in TVC transcriptional identity, participating in three
distinct regulatory functions; maintaining expression of a subset of
primary TVC genes (FoxF but not Hand-like); perpetuating its own
expression and; helping to initiate the expression of ensuing
transcription factors including Nkx, the sole orthologue to the
vertebrate heart kernel gene Nkx2.5.
Endodermal GATAa activity is required for heart progenitor midline
convergence
We next asked whether disruption of GATAa function in the
endoderm impacts heart development. For this purpose, we disrupted
GATAa activity by expressing the dominant negative repressor
GATAa-WRPW using the characterized pan-endoderm enhancer for
thyroid transcription factor Ttf-1, also known as Titf-1 (Ristoratore et
al., 1999; Shi and Levine, 2008). We observed the effect of this
manipulation on transgenically labeled TVCs (Fig. 4). In Ttf-GATAa-
WRPW embryos, TVCs detached and migrated anteriorly but failed to
converge at the midline (Fig. 4B). Thus, at stage 24, Ttf-GATAa-WRPW
embryos contained two distinct bilateral groups of heart progenitor
cells. We also examined TVC number at stage 24 and found that
GATAa-WRPW had a modest but signiﬁcant impact on TVC prolifer-
ation (Fig. 4D).
To assess the effect of the Ttf-GATAa-WRPW construct on
endoderm morphology, we examined the shape of the developing
gut cavity in stage 24 embryos (Figs. 4E–H). In ventral views of control
embryos, endodermal epithelia appeared to fold around a T-shaped
lumen (Fig. 4E, red dotted line in 4G). In Ttf-GATAa-WRPW embryos,
the anterior endoderm still appeared to form an intact epithelium but
the enclosed lumen was often widened and did not appear to extend
posteriorly (Fig. 4F, red dotted line in 4H).In summary, we have shown that repression of endodermal GATAa
activity perturbs endoderm morphogenesis and disrupts medial
migration of the TVCs. This leads to a phenotype (TVC biﬁda)
remarkably similar to the cardia biﬁda phenotype associated with
perturbation of endodermal GATA in vertebrate embryos (Haworth et
al., 2008; Kuo et al., 1997; Molkentin et al., 1997; Peterkin et al., 2009;
Reiter et al., 1999).
Targeted disruption of GATAa activity in the endoderm does not disrupt
TVC marker gene expression
We next examined expression of TVC marker genes (Hand-like,
FoxF, GATAa, BMP2/4 and Nkx) in Ttf-lacZ, Ttf-GATAa-DBD and Ttf-
GATAa-WRPW transgenic embryos at stage 22 (Fig. 5) and stage 23
(data not shown). There was no detectable difference in the TVC
expression of these markers between Ttf-GATAa-WRPW and control
embryos. There was also no discernible difference in TVC detachment
and initial anterior migration. These results suggest that loss of GATAa
activity in the endoderm does not disrupt the transcriptional network
required to establish TVC identity. We also noted that Ttf-GATAa-
WRPW does not eliminate endogenous GATAa expression in the
posterior endoderm (Fig. 5C′). Indeed, it appears that Ttf-GATAa-
WRPW generated ectopic expression of GATAa in the anterior
endoderm (Fig. 5C′). Thus, it appears that GATAa auto-regulates
through distinct feedback loops in the endoderm and TVC lineages.
Our results suggest that heart progenitors in Ciona and vertebrate
embryos converge on the midline through conserved interactions
with the underlying endoderm. In both vertebrate and Ciona embryos,
biﬁda phenotypes resulting from loss of endodermal GATAa function
do not appear to involve disruption of heart progenitor transcriptional
identity (Fig. 5) and (Peterkin et al., 2009; Reiter et al., 1999). Instead,
cardia and TVC biﬁda reﬂect disruptions in endoderm morphogenesis
(Fig. 4). The cellular impact of GATA disruption on vertebrate
endodermmorphogenesis has not been evaluated. We have therefore
begun to explore this process in Ciona.
Disruption of GATAa activity interferes with folding of the posterior
endoderm
We exploited the cellular simplicity of Ciona embryos to examine
how disruption of GATAa activity affects endoderm morphogenesis.
We ﬁrst examined endoderm morphogenesis in control embryos
(Figs. 6A–C′). For this purpose we labeled endoderm cell membranes
by transgenic expression of a GFP-strabismus fusion protein under the
Ttf enhancer (Ttf-GFP-strabismus). We ﬁxed Ttf-GFP-strabismus/Ttf-
GATAa-DBD embryos at hourly intervals beginning at gastrulation
(stage 10) and continuing until stage 24 when TVC fusion was
complete. Endoderm development in Ttf-GATAa-DBD embryos was
indistinguishable from that in wild type labeled embryos (Figs. 6A–C′
and data not shown). By the end of neurulation (stage 16), endoderm
precursor cells formed a three layered rudiment just ventral to the
developing notochord (data not shown). Approximately two hours
later (stage 20), the trunk endoderm formed a trapezoidal sac lined by
three epithelial surfaces; a dorsal roof, a ventral ﬂoor and a posterior
wall (Fig. 6A, pseudo-colored as red, yellow and blue respectively in
Fig. 6A′). In the tail region, multiple layers of posterior endoderm had
converged and elongated to form the endodermal strand (Fig. 6A′
white arrow). Over the next four hours (stages 22–24, Figs. 6B–C′) the
roof and ﬂoor of the gut cavity lengthened along the anterior/
posterior axis while the posterior wall narrowed and elongated to
form a single layer.
Based on our observations of control embryos, we evaluated the
effect of Ttf-GATAa-WRPW on endoderm morphogenesis. During
gastrulation and neurulation, morphogenesis of the endoderm
rudiment is highly dynamic, making it difﬁcult to discern consistent
differences between wild-type and Ttf-GATAa-WRPW embryos (data
Fig. 4. Disruption of GATAa activity in the endoderm affects heart progenitor convergence at the midline. (A, B) Representative ventral views of stage 24 (13.5 hpf) embryos co-
electroporated with Mesp-lacZ along with Ttf-GATAa-DBD or Ttf-GATAa-WRPW as indicated. (C, D) Plots showing percentage of stage 24 embryos with normal TVC convergence (C)
and proliferation (D). In both graphs, LacZ=Ttf-lacZ/Mesp-lacZ embryos, DBD=Ttf-GATAa-DBD/Mesp-lacZ embryos, WRPW=Ttf-GATAa-WRPW/Mesp-lacZ embryos. (C) LacZ
(n=108), DBD (n=170), WRPW (n=439). (D) LacZ (n=112), DBD (n=214), WRPW (n=674). (E–H) Ventral views of stage 24 embryos co-electroporated with Mesp-esc-gfp
along with Ttf-GATAa-DBD or Ttf-GATAa-WRPW. Embryos were stained with phalloidin to label F-actin (grey). (E, F) A single confocal plane of the embryo shows the architecture of
the endodermal tissue underlying the TVCs. (G, H) Same embryos as in (E, F) but showing a superimposed projection of the labeled TVCs (green). Red line in (G) and (H) highlights
the shape of the gut lumen. Scale bar: 10 μm.
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morphology in Ttf-GATAa-WRPW embryos at stage 20 (Figs. 6D, D′).
This disruption was particularly evident in the posterior endoderm
(blue, Fig. 6D′). In this domain, endoderm cells coalesced into a
disorganized group, 1–4 layers wide and 1–2 layers thick. The
endodermal strand did not elongate posteriorly into the nascent tail
and the posterior wall of the gut cavity did not appear to form(compare Figs. 6B and C to E and F). Strikingly, the anterior gut often
appeared relatively normal with a well-delineated ventral ﬂoor and
dorsal roof. This disparity in anterior and posterior development was
maintained at later stages (Figs. 6E–F′).
In summary, these results indicate that endodermal GATAa activity
is required for morphogenesis of the posterior endoderm. In
particular, it appears that GATAa activity mediates the coordinated
Fig. 5. Disruption of endodermal GATAa activity affects endodermal GATAa expression but has no discernable effect on TVC gene expression. Representative stage 22 (11–11.5 hpf)
embryos co-electroporated with Mesp-lacZ (red) and either Ttf-GATAa-DBD (A–E), or Ttf-GATAa-WRPW (A′–E′) and probed for expression of Hand-like, FoxF, GATAa, BMP2/4 and
Nkx as indicated. The displayed patterns were highly consistent in all embryos examined (n=20–30 embryos for each condition). The insets showmagniﬁed views of the TVC region
including both single and merged channels. Scale bar: 50 μm.
160 K. Ragkousi et al. / Developmental Biology 352 (2011) 154–163convergence of endoderm precursors as they form the endodermal
strand and rear wall of the nascent gut.Discussion
GATAa acts cell-autonomously to regulate the heart progenitor gene
network
Our results indicate that GATAa plays a conserved, cell-autono-
mous role establishing cardioblast transcriptional identity. Through
sequential expression studies, we show that GATAa occupies a central
position in the Ciona cardioblast gene network. Through targeted
repression assays, we demonstrate that GATAa functions cell-
autonomously in the TVCs to regulate this gene network. We have
demonstrated that GATAa either directly or indirectly participates in
three core nodes of the TVC network; maintenance of prior network
components (FoxF), regulation of its own expression and; expression
of new components, including the heart kernel gene Nkx. Cell-
autonomous GATAa activity thereby promotes the deﬁning behaviors
of the TVC lineage, including detachment, migration and proliferation.
Thus, Ciona GATAa appears to perform a suite of cell-autonomous
functions fulﬁlled by GATA4, 5 and 6 in vertebrate cardiomyocytes
(Peterkin et al., 2005). However, our understanding of the precise role
of GATAa in these conserved regulatory networks is far from
complete. Future experiments will focus on a more comprehensive
characterization of GATAa-regulated TVC genes. In particular, these
efforts will discriminate between direct vs. indirect GATAa regulation
of cardiac network components. Additionally, our repression based
assays are designed to investigate the contribution of GATAamediatedtarget gene activation. Future studies will investigate the potential
contribution of GATAa mediated repression in the heart network.
The position of GATAa in the Ciona heart regulatory kernel may
reﬂect the ancestral chordate network. The regulatory architecture of
the vertebrate heart network appears to have undergone signiﬁcant
divergence. In some vertebrate embryos, GATA factors play a primary
role in establishing heart kernel gene expression, while in others they
function downstream of Nkx2.5 (Peterkin et al., 2005).We have found
that GATAa is expressed prior to Nkx and that GATAa activity is
required for Nkx expression. Thus our data suggest that GATAa
functions upstream of Nkx. This may represent the ancestral chordate
pattern. However, substantial evaluation of chordate heart network
evolution requires further research on the precise regulatory relation-
ships between cardiac genes in Ciona, cephalochordates and basal
vertebrates.
GATAa exhibits differential modes of auto-regulation in the TVC and
endoderm lineages
Through examination of endogenous GATAa expression in re-
sponse to disruptions of GATAa function, we have revealed distinct
cell-lineage speciﬁc modes of GATAa auto-regulation. In the TVCs, it
appears that GATAa activity is required for GATAa expression,
supporting the presence of a direct or indirect positive feedback
loop. In the posterior endoderm, it appears that GATAa activity is not
required for GATAa expression, indicating the absence or weakening
of this positive feedback. More surprisingly, in the anterior endoderm
it appears that GATAa activity is required to suppress GATAa
expression, indicating the presence of a tissue speciﬁc, indirect
negative-feedback loop.
Fig. 6. Targeted disruption of GATAa activity perturbs posterior endodermmorphogenesis. (A–F) Partial lateral projections of representative embryos co-electroporated with Mesp-lacZ
to mark the heart progenitors (blue), Ttf-GFP-strabismus tomark the endoderm (green), and either Ttf-GATAa-DBD (A–C′) or Ttf-GATAa-WRPW (D–F′). Embryos were ﬁxed at the stage
indicated at the top of the ﬁgure. Note that GFP-strabismus was enriched basolateraly in polarized epithelia as observed previously (Gravel et al., 2010). (A′–F′) To clarify endoderm
morphology, schematic representations of corresponding embryos (A–F) were created using single optical sections including F-actin staining (grey) with the GFP-strabismus expressing
endoderm cells pseudo-colored (yellow=ventral ﬂoor, red=dorsal roof, blue=posterior endoderm). White arrow indicates the endodermal strand. Scale bar: 10 μm.
161K. Ragkousi et al. / Developmental Biology 352 (2011) 154–163GATAa feedback loops in the heart gene network may involve
mutually supportive regulatory interactions with FoxF. Previous studies
in Ciona indicate that TVC GATAa expression is partially dependent on
FoxF activity (Beh et al., 2007; Christiaen et al., 2008) and herewe show
that FoxF expression is dependent on GATAa activity. Studies of GATA4
regulation in mouse embryos have identiﬁed a critical role for FoxF and
GATA auto-regulatory binding sites in an early lateral plate mesoderm
enhancer (Rojas et al., 2005). These observations warrant further, more
rigorous studies of presumed recursive regulatory interactions between
FoxF andGATAa in Ciona. In particular, it will be important to determine
whether there are direct or indirect regulatory interactions between
these two transcription factors andwhether these interactions represent
a conserved node in chordate heart or lateral plate gene networks.
The presence of lineage speciﬁc GATAa auto-regulatory loops in
Ciona has fascinating implications for vertebrate GATA function.
Previous studies have suggested that feedback loops between
vertebrate GATA factors ensure that loss of a single GATA family
leads to the compensatory up-regulation of the other family members
(Kuo et al., 1997). However, the regulatory mechanisms underlying
GATA feedback loops and their potential contributions to vertebrate
cardiogenesis and heart disease remain poorly characterized. In
particular, the possibility that these loops along with associated
auto-regulatory loops may vary in a lineage speciﬁc fashion has not
been explored. Further studies of the rudimentary Ciona GATAa
regulatory network have the potential to disentangle this critical
aspect of chordate heart evolution and development.
GATAa acts non-cell-autonomously to direct midline convergence of
heart progenitor cells
This study indicates that GATAa plays a conserved, non-cell-
autonomous role in the convergence of bilateral heart progenitorﬁelds. Through sequential in situ hybridizations, we delineate
persistent GATAa expression in the posterior endoderm. Lineage
speciﬁc functional assays demonstrate that endodermal GATAa
activity is required for morphogenesis of posterior gut tissues. In
accordancewith studies in vertebrates, our results suggest that proper
endoderm morphogenesis in Ciona is required for convergence of
bilateral heart progenitors but is not required for the establishment of
cardioblast transcriptional identity (Peterkin et al., 2009; Reiter et al.,
1999). This interpretation is supported by the normal detachment and
anterior migration of TVCs in Ttf-GATAa-WRPW embryos. However,
we have only examined a subset of early TVC marker genes. Future
work will focus on elucidating the impact of endodermal GATAa
activity on comprehensive TVC gene expression. It will also be critical
to examine the impact of endodermGATAa activity on TVC expression
at later stages. We are particularly interested in determining whether
endodermal GATAa activity or endoderm morphogenesis is required
for the late stage demarcation between heart and pharyngeal muscle
progenitors within the TVC lineage (Stolﬁ et al., 2010).
GATAa and endoderm morphogenesis
The complex architecture of embryonic vertebrate endoderm has
made it difﬁcult to distinguish the precise contribution of GATA to
endoderm morphogenesis. We have therefore begun to exploit the
cellular simplicity of Ciona to observe the precise impact of GATA
function on endoderm formation. Confocal imaging of ﬂuorescently
labeled endoderm has permitted a three dimensional reconstruction
of the developing gut. Based on this analysis, prior lineage data
(Nishida, 1987) and additional unpublished data (K. Ragkousi, in
preparation), we have sub-divided the Ciona gut primordium into
three presumptive morphogenetic regions; 1) the dorsal roof of the
anterior gut cavity; 2) the ventral ﬂoor of the anterior gut cavity; 3)
162 K. Ragkousi et al. / Developmental Biology 352 (2011) 154–163the posterior endoderm, including the posterior wall of the gut cavity
and the endodermal strand. Targeted manipulations of endodermal
GATAa activity have a differential impact on posterior endoderm
morphogenesis in accordance with GATAa expression in this lineage.
In particular, we ﬁnd that GATAa activity is required for the formation
of the posterior gut wall and the elongation of the endodermal strand.Endoderm morphogenesis and heart progenitor convergence in chordate
embryos
The remarkable similarity of the biﬁd phenotypes observed in
Ciona and vertebrate embryos may reﬂect a conserved, chordate role
for the endoderm in instructing heart progenitor convergence. In
vertebrate embryos, convergence of heart progenitors requires
convergence of the underlying foregut epithelia. However, the nature
of foregut convergence is variable and reﬂects fundamental differ-
ences in embryonic development. In zebraﬁsh embryos, a ﬂat sheet of
endoderm converges towards the midline to form a thickened rod
(Warga and Nusslein-Volhard, 1999). Endoderm convergence in
Xenopus is less well-characterized but appears to involve the
movement of biﬁd foregut precursors over a layer of deep endoderm
(Li et al., 2008). In contrast, mouse and chick foregut convergence is
associated with a deep invagination of the foregut pocket (Tremblay
and Zaret, 2005). These studies suggest that instructive interactions
between the converging foregut and heart progenitors may have been
maintained despite gross shifts in foregut morphogenesis. These
conserved instructive interactions may reﬂect an ancestral vertebrate
mechanism for heart progenitor convergence. Alternatively, they may
reﬂect a more basal chordate program or they may have arisen
independently in multiple clades. A precise characterization of
endoderm/heart precursor interactions within vertebrate and inverte-
brate chordates is required to distinguish between these possibilities.Interactions between heart progenitors and the endoderm epithelia
The nature of endoderm/heart progenitor interactions in verte-
brate embryos remains poorly characterized. The associated conver-
gence of the vertebrate foregut and heart ﬁelds implies a mechanical
link that drags the heart progenitors into position. Alternatively, the
foregut may provide signals that facilitate heart progenitor migration.
Our preliminary observations suggest that the Ciona gut rudiment
does not undergo midline convergence. Instead, the ventral ﬂoor of
the endoderm appears to broaden laterally as the adjacent TVCs
converge (data not shown). Time-lapse imaging analysis is required
to discern whether individual endoderm cells converge in association
with the TVCs despite the apparent lack of overall endoderm
convergence. We anticipate that further research in Cionawill provide
valuable insights into the precise nature of conserved endoderm/
heart progenitor interactions.Conclusions
In this study we demonstrate that GATAa is a functional orthologue
of the vertebrate GATA factors, directing cardiomyocyte speciﬁcation
and positioning. Remarkably, disruption of GATA function in the
endoderm leads to biﬁda of the heart progenitors. Thus, despite
extremely low cell numbers in the Ciona embryo, it appears that
conserved interactions with the endoderm promote heart progenitor
convergence. Further studies in Ciona will permit high resolution
analysis of endoderm/heart precursor interactions and help us
formulate new testable hypotheses regarding the role of endoderm in
vertebrate cardiogenesis.
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